Introduction
The building sector consumes as much as 20-40% of the total energy in many countries while the heating ventilation air-conditioning (HVAC) system accounts for almost half of it [1] . To save energy and improve indoor environmental quality, methods to promote the energy efficiency of the HVAC system have been emphasized in recent years. Among them, the ceiling fan has proven to be a straightforward but effective method to increase indoor thermal comfort while reducing HVAC energy consumption [2] . Compared with conventional air-conditioning systems, a ceiling fan consumes approximately 10% of its energy to provide the same comfort level in an indoor environment [3] .
According to previous research, the benefits of a ceiling fan can be attributed to many aspects. One is because ceiling fan can enhance human body heat dissipation through convective heat transfer and sweat evaporation, thus providing better thermal comfort perception in warm conditions [4] [5] . Another reason is the corrective power of ceiling fan when offsetting air-conditioning setpoint. A review study on indoor air movement [6] revealed that a 1 m/s increase in air speed has the same effect as reducing the room temperature by 2-3 K.
Similar conclusions have been observed in many air movement studies [7] [8] [9] . Another advantage is the fastresponding nature of air movement that can act to individual thermal demand quickly and locally. Given these benefits, ceiling fan has been utilized as a flexible solution for indoor environment improvement. For example, Zhu et al. [11] combined ceiling fan with ceiling ultraviolet radiation sterilization device; consequently, it improved the efficiency of bacteria sterilization effectively and created a healthier and safer indoor public space.
Another case study [12] integrated ceiling fan with space heating and significantly reduced the thermal stratification issue in heated buildings.
Considering the important role of ceiling fans in creating a sustainable indoor built environment, it is essential to understand its airflow pattern for a better layout design and operation. However, it is still challenging for the current measuring techniques to capture its flow field because of its large scale and complexity. The current airflow visualization method can illustrate its primary flow structure, but little is known about the detailed airflow characteristics [13] [14] . One typical example is the study done by Gao et al. [15] . They measured ceiling fan airflow speed in a room size chamber through intensive point-by-point measurements and visualize the flow field using tracer gas method. Although they captured the speed values and rough direction information, the structural characteristics of the flow field were not described intuitively. Moreover, regarding the ceiling fan induced airflow itself, as the discharge speed of the ceiling fan is high and the roof height is limited, the airflow could interact with the ceiling and floor intensely and affect the indoor airflow pattern, rendering the precise airflow measurements in these areas is challenging. Therefore, a large space and three-dimensional airflow measurement method would facilitate the further study of ceiling fans.
To date, widely used methods for indoor airflow pattern study are primarily computational fluid dynamics (CFD) simulation [16] [17] [18] and field measuring by point with a heating wire anemometer (HWA) [13, 15, 19] . The CFD approach can provide detailed airflow characters, but its accuracy highly relies on experimental validation and user experience. HWA is the most widely used sensor for air velocity test but also accompanied with drawbacks.
For example, the measuring sensor must be placed in the flow field, rendering itself an obstacle for airflow, and the released heat limits its use for low-speed airflow measurement. Further, the lack of flow direction information leads to some missing flow characteristics. More importantly, the point-by-point HWA measuring approach is labor intensive and time consuming. For non-intrusive measurement instruments, particle image velocimetry could be the most commercially successful image-based velocimetry for airflow measurement [20] .
However, its measurement space is limited; in a two-dimensional plane model, it hardly reaches 1 m 2 .
Particle streak velocimetry (PSV) which takes image with a long exposure time to record the path line segments for tracking is more promising for room scale measurement [21] . However, the biggest challenge of PSV is the direction ambiguity of streak. Towards this issue, pulsed laser with continuous light at different position was introduced to coded streak patterns [22] , while the light system is so complicated that only capable for thin layer and the algorithm could fail when the seeding density is high. Different exposure time was set for two cameras and let them start at the same time and stop at different time [23] . As the airflow is turbulent, the speed of seeding particle changes dramatically making the time-based middle point does not always match the positionbased middle point, which causes problem in stereo correspondence and affects the results. Machacek [24] used high speed camera to minimize the gap between streaks of the same seeding particle and improved algorithm for tracking, which proved to be suitable for wind tunnel test. Since the frame rate and resolution are trade-off parameters for cameras, the low resolution of high-speed cameras normally limits test space. Rosenstiel and
Grigat [25] improved the light system and streak segmentation method. The system conducted 2D2C measurement in a cabin mock-up, whereas the measurement zone is limited on the light sheet and the recognition of head and torso is also difficult very the particles are gathered.
Beside these attempts to improve PSV, colour sequence particle streak velocimetry (CSPSV) changes the information-gathering method for image-based velocimetry and proved to be more suitable for room-scale airflow pattern measurement [26] . The accuracy of CSPSV has been proven by verification with different targets [26] [27] . It extends the three-dimensional (3D) measurement zone from several cubic centimeters to several cubic meters and is more feasible in performing real-site large-room airflow tests. However, owing to the influence of over-exposed background and light source, a normal stereo CSPSV exhibits blind zones near the light sources and walls, thus limiting the flow measurement in these regions. Moreover, the measurement space of a normal stereo CSPSV is still limited by the finite camera resolutions.
By reviewing the literature above, it can be concluded that the existing airflow measure methods failed to satisfy the demand of complex and large-scale airflow measurements such as the flow field induced by a ceiling fan.
In this study, a novel quad-view CSPSV technology was developed for ceiling fan airflow measurement in room 2 Quad-view CSPSV
Principle of CSPSV
The basic idea of CSPSV [26] is to capture more information of the seeding bubbles' trajectory by a novel imaging method for image-based velocimetry with a colour sequence illumination system (CSIS). Synchronized with cameras, the CSIS changes the bubbles' appearance according to the time sequence and helps to record the bubbles' entire trajectories during exposure time with a start spot marked in red, a middle spot marked in green, and an end spot marked in blue, all of which contain substantial time sequence information, as shown in Fig. 1 . Such colour-coded airflow movement information can be extracted by a digital image processing algorithm and bring in advantages in two aspects: firstly, with the known movement direction and displacement of individual seeding particle, the extrapolation tracking is not required; secondly, three colour spots with strict time sequence can further help the reconstruction of the 3D trajectory with improved streak pair match algorithm [27] . [27] The whole operation process is illustrated in Fig. 2 . A commercially available bubble generator [28] seeds the test space with helium-filled soap bubbles (HFSB) and visualizes the airflow. Synchronized with the CSIS, stereo colour cameras operate at a long exposure time to record the bubbles' path and provide raw images for https://doi.org/10.1016/j.buildenv.2019.02.015
https://escholarship.org/uc/item/2v88v264 further processing. As the raw images in Fig. 2 , the streaks have different length due to different speed and each streak has a red start spot, a green middle spot and a blue end spot. The time sequence information of the image is extracted with an image processing algorithm and represented with two linking vectors on the raw image. Subsequently, a rectification-based 3D reconstruction algorithm with the calibration data calculates the 3D position of the bubbles' path in a 3D space within a certain time period. Thus, the 3D velocity is captured [27] . 
Fig.2 Flow chart of CSPSV
The verification of CSPSV with a regular principal instrument, e.g., the HWA [27] , and known moving objects have confirmed its accuracy [26] . For moving objects verification, which is adopted by most visual based velocimetry, the relative error in most cases was less than 5% with the magnitude velocity ranges from 0.12~2.45 m/s. The test of the vortex flow has proven its capability at measuring complex flows and real-site large-room airflows [27] .
Quad-view CSPSV
The primary drawback of CSPSV with two cameras or a stereo CSPSV is the blind zone as shown in Fig. 3 . To illuminate the whole room with little effect, a light source is placed both on the top of the ceiling and under the transparent glass floor, projecting toward each other. This type of setup causes two bright zones on the ceiling and the floor marked in purple. When looking out of the chamber, these regions are over-exposed and can hardly record any bubbles' trajectory, thus causing a blind zone for each camera set. The blind zone varies with the direction of the camera set. As in Fig. 3 , the blind zone of upper camera set is marked blue; that of the lower camera set, orange; and the zone that can be captured by both camera sets, green. The view angles are presented with a dashed line that can facilitate the understanding of the effects of area overexposure caused by a light source.
As mentioned above, the measurement zone of a stereo CSPSV is always affected by over-exposed regions. While the flow could be crucial near light sources, one method to obtain a wider measurement space is to use more cameras to capture the movement from different angles and merge the measurement data together. In this study, a new quad-view CSPSV is proposed with four cameras that are set into two groups and operated synchronously. The upper cameras are primarily used to capture the air movements near the ceiling while the lower cameras primarily target the air movements near the floor. Fig. 3 Comparison for blind zone captured by two pair of cameras With these settings, both camera sets can capture the airflow in the middle of the room. If the results are simply added together, some vectors will become duplicated. To solve this problem, a data merge algorithm is designed as in Fig. 4 . The streaks information from each camera set is reconstructed separately. Subsequently, the distance between each pair of 3D vectors in 3D spaces was calculated, which consists of two vectors from the same frame but in different sets, as in equation 1. 
where X, Y, Z is the position of the vector in a 3D space; the subscripts s and e represent the start and end points of the vector; subscripts 1 and 2 are for the vectors from the upper camera set and lower camera set, respectively. When the distance between two streaks are extremely close, the streak with a larger epipolar error is rejected. The distance threshold here is set to 20mm in this study. With this algorithm, the vectors captured by two camera sets can be merged together for a wider measurement space. The new quad-view CSPSV combined the measurement results of two normal stereo CSPSVs. Therefore, the measurement region is expanded, blind zone is minimized, and high accuracy of each stereo CSPSV is preserved. Compared with regular stereo PSV, CSPSV system modified the information gathering method by adding a CSIS. By this way, CSPSV can overcome the streak mismatching problem of regular stereo PSV [23] which is also the main reason for the large errors. CSPSV can achieve a large measurement zone of several cubic meter with just two cameras. More cameras can help to solve the correspondence ambiguities, however, the common view of two cameras is larger than that of three cameras [30] , due to the over exposure area caused by light source and background, especially when the measurement zone is nearly the boundary. Although PTV with at least three cameras [31] can provide higher accuracy compared with CSPSV (1% vs 5%), the accuracy of CSPSV is comparable and enough for indoor airflow pattern study. In addition, the arrangement of CSPSV is much easier than that of PTV in real experiments. As mentioned above, the accuracy of CSPSV is good enough for the measurement of indoor airflow. Although CSPSV can achieve a large measurement zone of several cubic meter with two cameras, there are a lot of buildings with even larger space which cannot be covered by a pair of cameras. Therefore, the expansion of more cameras mainly aims to enlarge measurement space. This system can further accommodate more cameras to make up multiple-view CSPSV and conduct 3D3C measurements for flow pattern in large space like stadium.
Experimental Design

Chamber setup
The experiment was conducted in the airflow visualization and measurement platform located at Tsinghua University. The platform consists of a sealed chamber, four cameras, and illumination systems. The chamber is 4 m × 2.5 m × 3 m in width, height, and depth. Three surfaces (e.g., the ceiling, roof, and front-side wall) of the chamber are made of high-transparency glass. To avoid the airflow field in the chamber from being blocked, the cameras and lighting system were placed outside the chamber. In total, 40 lighting modules are located above the ceiling and under the floor. They are placed on the length direction of the chamber from left to right, creating an illumination zone that is also the airflow measurement zone sizes: 4 m × 2.5 m × 0.8 m in the middle of the room. As the lighting modules are isolated from the chamber, the heat produced from them affects little on the airflow field.
A normal fan with three plastic blades of diameter 60 cm was selected in our tests. It rotates at a constant speed of 330 rounds per min (rpm). The power supply is 220-V AC, with a constant power consumption of 6.34 W. The fan is fixed at 2.15 m above the floor, 0.35 m away from the ceiling, and in the middle of the room.
The seeding particles used were HFSBs produced by a commercially available bubble generator SAI Model 5 [28] . The diameter of the HFSB ranged from 1 to 3 mm and filled with helium, thus rendering the Stokes' number less than 0.1. These bubbles were released from the top center of the ceiling over the fan, and a complement diffuser was utilized to decelerate the bubble speed to 0.15 m/s, such that its effect on disturbing the primary airflow field can be ignored.
The typical image with 50 ms exposure time during experiment is shown in Fig. 5 . Some regions are partially enlarged in the image for a better illustration. From demonstrate the dramatic changes of airflow pattern between these regions and also indicate the effectiveness of colour coded imaging. 
Camera settings
To capture the flow character near the ceiling and floor, four high-resolution cameras (sp-20000c, Jai) with 35-mm lens (F1.4, Zeiss) were utilized for different view angles, as shown in Fig. 6a . The cameras were located on the transparent side out of the chamber. This setup was created primarily for two reasons: First, as the cameras and data acquisition system produce heat, the influence of this equipment is negligible if they are placed out of the chamber; second, with a longer distance between the target and camera, each camera can obtain an entire view of the test chamber with a considerable depth of view. Hence, the bubbles in the illumination zone can be captured and recorded clearly and undisturbed. Camera setup and relation with the chamber As mentioned in a previous study [13] , a fan-induced airflow demonstrates a large gradient between the jet core and surrounding entrainment flow. In this study, two types of cases were set for different exposure times, as shown in Table 1 . A long-exposure-time case aims at the low-speed entrainment flow, while a short-exposuretime case aims at the high-speed jet core region. In total, each camera captures 6000 frames of the bubble's time sequence image. During experiments CSIS was synchronized with camera and operate during the shutter period. 
Data processing
After the images were captured, the time sequence information on the images was processed with the algorithms mentioned in reference [27] , and the 3D vectors were reconstructed and merged with the algorithm illustrated in Section 2.2.
As the vectors are the 3D3Cs distributed in the space, they are interpolated into different grid sizes for further calculation and analysis. In this study, uniform 20 mm grids was used to investigate the detailed airflow characteristics and uniform 100 mm grids was used to investigate the turbulence intensity, since calculation of turbulence intensity needs more vectors. To evaluate the turbulence level, the turbulent velocity fluctuation is calculated using equation 2.
where, ' v is the root-mean-square of the turbulent velocity fluctuations. Subsequently, the turbulence intensity can be calculated using equation 3.
where V is the mean velocity.
As the airflow induced by the ceiling fan are swirling, the vorticity on different directions is also calculated for a better understanding of this flow pattern. The equation is as follows:
where u is the velocity component in the X direction, v is the velocity component in the Y direction, and w is 
Results and Discussion
Quad-view CSPSV can provide detailed 3D velocity vectors field within the test space and can be illustrated as air velocity vectors similar to the CFD simulation results. In this study, 417,671 vectors were reconstructed and are presented in Fig. 7 . These are raw results simply with the gross errors removed. For the convenience of calibration and image processing, in this paper, the height of the chamber is presented as X axis, the width of chamber is presented as Y axis and the depth of chamber is presented as Z axis. To interpret these figures, the vectors demonstrate the airflow directions and the colour gradients represent the velocity magnitudes. Because many vectors exist in the test zone and overlap with each other, the results were interpolated and sections were used for better illustration and further analysis.
As shown by the marked orange and blue regions in Fig. 8 , both the upper and lower cameras contributed to the whole section measurement because they facilitated in capturing the airflow field near the ceiling and the floor in each blind zone. This result proves the effectiveness of the proposed quad-view CSPSV.
The vectors disperse throughout in the space, except for the left upper corner. The primary reason could be the door on the left side wall of the chamber, which changes the inner surface and causes the airflow in the chamber to be twisted counter-clockwise. As shown in Fig. 9 , this phenomenon is stronger on the left side but weaker on the right side of the chamber. 
Flow pattern zones
Besides the vector field, the raw images can also provide a lot of information about the flow pattern. Fig. 10 demonstrates the accumulated colour streaks of 200 images in the measurement zone under short exposure cases. It is obtained by subtracting the raw image with the background to get the streaks in each image and then adding them together. Fig. 10 can show the continuous trajectory of seeding bubbles during 20 seconds and from the movements, two big vortex can be found located at lower part of the room and the main part of the room is influenced by the fan jet.
Chamber door
Results of lower cameras
Results of upper cameras Fig.10 Accumulated colour streaks of 200 images in the measurement zone To streamline the vector data interpretation, the results were interpolated with 20 mm grids with InverseDistance Interpolation method [32] to investigate the detailed airflow characteristics in different regions. Fig.  11 shows the middle section from the front view of the chamber. As shown, the airflow induced by the ceiling fan can be divided into six zones based on their flow patterns.
The jet core zone is located immediately under the fan blades, and the airflow has the highest speed and is the primary momentum of room circulation. The jet has the highest speed at its boundary and expand slowly along its path. The suction zone is located above the fan blades. As the speed of the convergent flow decays rapidly and the fan is fixed sufficiently far from the ceiling, the suction zone is not large and appears symmetrical. The spreading zone is near the floor where the jet impinges the floor; this layer is relatively thin while the speed is higher than 1 m/s. When the spreading airflow reaches the wall, the direction changes to vertical and decelerates gradually. Between the spreading zone and wall zone, the recirculation zones are marked with triangular frames on both sides. The recirculation flow zones are surrounded by the entrainment flow, recirculation flow, and wall flow, while the vortex flow follows the change in direction of these flows. The entrainment zone is primarily induced by the jet core. The entrainment zone occupies the largest space in the chamber with an evenly low air speed, and the boundary between the jet core and entrainment flow is sharp and clear. These characters convey the complexity of the flow pattern induced by the ceiling fan and can facilitate in the better understanding and utilization of ceiling fans in an indoor environment. 
Turbulence Intensity and Vorticity
The raw data can be further mapped into a grid of size 100 mm × 100 mm × 100 mm to calculate the turbulence intensity (TI) level. As shown in Fig. 12 , the zone under the fan blade tip has a much higher TI level while the center of the fan has relatively lower TI values. The edge of the jet core zone has TI levels of 50-75% but the TI values in the center part of the core zone are between 15-35%. From the view of the entire space, the TI levels are higher in the bottom part but lower the in upper part especially when close to the ceiling and walls. The overall averaged TI is approximately 40% and is much larger than regular airflow turbulence in regular rooms [33] . Fig. 12 Turbulence intensity distribution in the middle section of fan-induced airflow Because the vector field is of high density and 3D3C, the vorticity can be calculated for the better understanding of the swirling direction of airflows, which can hardly be conducted with regular measurement instruments in this scale. 
Jet core zone
Unlike the normal jet promoted by pressure difference, fan jet is propelled by the rotation of fan blades, which produces its own characteristics. The detailed velocity field is further illustrated and studied below. As shown in Fig. 15 , the peak airspeed immediately below the fan occurs at 1/3 of the fan blade radius. The highest speed regions only constitute a small portion of the jet core and the gradient of the speed difference is large and becomes diluted with its path. The diameter of the jet flow narrowed slightly at first and subsequently expands gradually. The jet flow also swirls at the same rotation direction with the fan blades, as shown in Fig. 16 . The vertical planes are at 5 cm, 30 cm, 60 cm, 90 cm, 120 cm, 150 cm, and 180 cm from the fan's blades. From the vectors' direction, it can be found that the rotation speed along the jet path decreases while the jet expands in a larger space. Fig. 15 Velocity contour through fan's center Fig. 16 Vectors on different horizontal planes To better illustrate the changes in the jet flow induced by the jet, slices of a velocity vector field were plotted at different heights, as shown in Fig. 17 and discussed below. Fig. 17(a) demonstrates the airflow 10 cm above the fan; it can be found that within the suction zone, when the airflow gathers from the surrounding to the fan blade while at the center of the fan, the airspeed is low. Fig. 17(b) illustrates the high-speed swirling ring produced by the fan blades more clearly. A clear high-speed vector ring can be found that has a narrower diameter than the fan blades and rotates in the same direction. Around the jet core, the surrounding air is drawn towards the center. Unlike a normal circular jet with the highest speed jet core located in the center of the flow, a fan jet exhibits the highest speed region near the outer boundary of the jet. As shown in Figs. 17(b) , (c), (d), and (e), within a 30 cm distance (semi-diameter of the fan blade) from the fan blades, the flow character does not change significantly, thus proving the stability of this unique jet flow pattern.
When comparing Figs. 17(e) and (f), the high-speed region becomes diluted and the core region expands when the distance goes further downward. With an even longer distance from the fan blades, the highest speed decreases. The diameter of the jet core extends to the same diameter of the fan blade below 60 cm, as shown in The high-speed ring becomes even diluted with a longer distance, as shown in Figs. 17(i), (j), (k), and (l). When the fan jet reaches two times its diameter, as shown in Fig. 17(m) , the high-speed ring almost disappeared. The jet center also has the largest speed and the entire jet region is swirling, as shown in Fig. 17(n) . When the jet travels even further as shown in Fig. 17(o) , the jet velocity becomes uniform. However, swirling still exists even when it is three-times-diameter away from the fan blades and the speed is lower than 1.5 m/s, as shown in Fig.  17(p) . 
Discussion
Compared with other jet flows, a ceiling-fan-induced jet has its unique characteristics as follows: 1) A ceiling fan jet swirls along its path in the same direction as the fan blades; the swirling speed is faster at the beginning https://doi.org/10.1016/j.buildenv.2019.02.015
https://escholarship.org/uc/item/2v88v264 and this phenomenon lasts for three diameters away downward the fan blades.
2) The highest speed of the airflow is located at the surrounding area of the core jet and the velocity difference is diluted within the core jet after three diameters away downward the fan blades.
3) The jet induced by the ceiling fan will slightly shrink immediately after the blades and expand at a low speed. As normal ceiling fans have large diameters, the jet is always at early stage and expands little in the room, implying that the entrainment zone is the primary factor for room circulation.
Based on the characteristics mentioned above, a ceiling fan is more suitable for creating a uniform indoor environment, and can increase the total turbulence and reduce the sensible temperature. Its advantages can be summarized in three aspects. First, ceiling fans are primarily installed on the roof and their high-speed jet region expands slowly, with little disturbance to the indoor occupied zone. Next, the diameter of the ceiling fan blade can reach approximately 7 m; ceiling fans exhibit unique advantages in large spaces such as shopping malls, factories, and breeding grounds. Richard Aynsley's research [34] shows that the larger the ceiling fan and the slower the rotating speed, the higher is the energy efficiency with the same airflow cooling effect in the same room area. Subsequently, in the heating season, the ceiling fan can also significantly reduce the indoor vertical temperature difference, which can yield a 30% energy reduction effect. Further, it is noteworthy that a ceiling fan increases the air velocity near the floor in the spreading zone, and may cause drafts near the ankles. Therefore, when utilizing a ceiling fan, the air velocity in the spreading zone should also be considered.
Conclusion
In this study, a novel quad-view CSPSV feasible for a large-space full zone test was developed according to the problem in ceiling fan measurement. The system comprised two pairs of camera settings near the roof and near the floor respective. After reconstructing the vectors from each camera pair, the airflow vectors were merged to fill the blind zone near the ceiling and floor and capture the room-scale flow field. With this equipment, the room-scale airflow induced by the ceiling fan was tested and studied with the enrich data. Some conclusions drawn from this study are as follows.
Quad-view CSPSV could be used in a large measurement zone of 4 m × 2.5 m × 0.8 m in width, height, and depth, as well as a detailed 3D3C vector field. In this study, 417,671 vectors were captured and the vorticity requiring rich vectors of high space resolution were calculated in addition to the regular averaged velocity vector and TI. The airflow patterns of the ceiling fan were analyzed based on the data. This system enabled the comprehensive airflow pattern measurement of complex flows, such as ceiling fans.
According to the averaged flow velocity and TI, the ceiling-fan-induced airflow field can be divided into six zones, i.e., a jet core zone, suction zone, spreading zone, wall zone, recirculation zone, and entrainment zone. The fan blade tips produced the highest TI. Based on the vorticity, the flow under the ceiling fan swirled along its path with the same rotation direction of the fan blades and decelerated gradually. The peak speed of the airflow under the fan blades occurred at 1/3 of the fan blade radius. The highest speed airflow was located outside the core jet, and the velocity difference diluted within the core jet after two diameters away from the fan blade. The entrainment zone of the fan jet was small, and the flow pattern of the room was primarily dominated by the circulation flow with a higher TI. The ceiling fan increased the air velocity near the floor in the spreading zone; this may cause drafts near the ankle and should be considered carefully.
